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Abstract
We describe methods for building “semi-realistic” models of F -term inflation. By semi-
realistic we mean that they are built in, and obey the requirements of, “semi-realistic”
particle physics models. The particle physics models are taken to be effective super-
gravity theories derived from orbifold compactifications of string theory, and their re-
quirements are taken to be modular invariance, absence of mass terms and stabilization
of moduli. A review of the particle physics models, their requirements, and tools and
methods for building inflation models is given before presenting three example inflation
models.
1 Introduction
Inflation provides answers for many questions concerning the early universe. This is re-
markable given that we do not have a definite model of inflation. In fact, we do not even
know what particle physics model one should attempt inflation model building in. In some
cases this has led to ad hoc proposals for inflaton potentials or inflation model building
only loosely based on an underlying particle physics model. Realistic models of inflation
must certainly agree with observation, but they should also emerge from a realistic particle
physics model.
This paper is an attempt toward this end. We describe methods for building “semi-
realistic” models of F -term inflation. By semi-realistic we mean that they are built in, and
obey the requirements of, “semi-realistic” particle physics models, taken here to be effective
supergravity theories derived from orbifold compactifications of string theory. We consider
such effective supergravity theories to be semi-realistic because they have the potential to
explain much of our universe in a self consistent way.
The first part of this paper is a review of those aspects of the particle physics models
relevant for inflation model building. This includes scalar potentials with complete matter
content in two different formalisms, canonical normalization of possible inflatons, string
theory requirements that the effective supergravity theories should obey, a method for
building inflation models and methods for generating VEVs. This review is intended for
the nonspecialist and makes up section 2.
In section 3 we use what we have learned to construct three example inflation models. In
one of these models we attempt to reproduce Linde’s original potential for hybrid inflation.
We conclude in section 4. In the remainder of this introduction we briefly review the
standard methods for analyzing inflation models [1, 2].
In this paper we set the reduced Planck mass, mP = 1/
√
8πG = 2.4× 1018 GeV, equal















where a prime denotes differentiation with respect to the inflaton. Inflation occurs while
ǫ, |η| ≪ 1 and is taken to end when one of ǫ, |η| is no longer less than one. The spectral
index, n, its running, α = dn/d ln k, and the tensor fraction, r, are given by
n = 1− 6ǫ+ 2η, α = −16ǫη + 24ǫ2 + 2ξ2, r = 16ǫ. (1.2)
Assuming negligible running and tensor fraction, the spectral index has been measured to
be [3]
n(φ∗) = 0.95 ± 0.02, (1.3)
where φ∗ is defined to be the value of the inflaton corresponding to this measurement. The







with reasonable values beingN(φ⋆) ≈ 50 – 60 [4]. Finally, the COBE normalization requires
V 1/4 = ǫ1/4 · 6.6 × 1016 GeV, (1.5)
which is to be evaluated at a very precise scale. We will take this scale to approximately
correspond to φ∗.
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2 Inflation Model Building
The “semi-realistic” particle physics models, in which we will build inflation models, are
effective supergravity theories derived from orbifold compactifications of the weakly coupled
heterotic string [5, 6]. For field content, they contain the dilaton, three (diagonal) Ka¨hler
moduli, untwisted matter fields and twisted matter fields.1 In the following subsections we
present the details of the supergravity theories, and tools and methods for building inflation
models.
A brief remark on notation: We will often use the word “superfield,” but in an abuse of
notation, we will always write the lowest (scalar) component. For example, though we will
mention the (anti)chiral superfields S, S¯, we will always write the scalar fields s, s¯.
2.1 Scalar Potentials
Supergravity theories derived from string theory can be constructed in two dual formalisms:
the more common, chiral superfield formalism [6], wherein a chiral superfield contains the
dilaton, s + s¯, as the real part of its lowest component, or the linear superfield formalism
[7, 8], wherein a linear superfield contains the dilaton, ℓ, as its lowest component. We will
present the scalar potential in each formalism, but before doing so, we consider aspects
common to both.
The complete Ka¨hler potential is unknown. We assume, for both the chiral and linear









xI = tI + t¯I −
∑
A








where tI , I = 1, 2, 3, are the three (diagonal) Ka¨hler moduli fields, φAI are the untwisted
matter fields with modular weights qAIJ = δ
I
J and φA are the twisted matter fields with
modular weights qAI ≥ 0.2 The Ka¨hler potential for twisted matter is known only to leading
(quadratic) order. Consequently, twisted matter fields must be assumed small, so that
higher order terms are negligible. No such assumption is required for untwisted matter
fields since its Ka¨hler potential is known to all orders. In section 2.3.1 we will explain the
role of the modular weights and why the requirement of modular invariance leads to the
introduction of a Green-Schwarz counterterm [9],







where the values of pA are unknown (the values of bI are given below). For concreteness
we make the plausible assumption pA ≈ bI [10]. How the Green-Schwarz counterterm is
implemented is specific to the formalism, as will be shown below.
1String derived supergravity theories often include gaugino condensates, u ∼ 〈λλ¯〉, for breaking supersym-
metry, usually assumed to form at a scale Λ ∼ 1013 GeV [6]. They always enter the Lagrangian quadratically,
as |u|2, thus, for the u dependent terms of the scalar potential, V 1/4 ∼ |u|1/2 ∼ (Λ6/m2P )
1/4 ∼ 1010 GeV.
For inflation to occur at or below this scale, the COBE normalization would require the unnatural bound
ǫ > 10−27. As such, we can safely ignore gaugino condensates (i.e. set them to zero).




I for α = AJ , A.
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2.1.1 The Chiral Superfield Formalism
In the chiral superfield formalism, the Ka¨hler potential, for our matter content, is commonly
taken to be








Y = s+ s¯− V GS, (2.5)
with V GS defined in (2.3). It is conventional in this formalism to write the Green-Schwarz






Standard compactifications lead to δGSI ≤ 30 [9]. We will refrain from using δI to keep the
clutter down in equations. The field dependence of the superpotential is4
W =W (s, tI , φAI , φA). (2.7)
Its form will be given in section 2.3.1.





Kmn¯(Wm +KmW )(W n¯ +Kn¯W )− 3|W |2
]
, (2.8)
where a subscript m refers to a derivative in terms of a chiral superfield, such as tI , and a
subscript n¯ refers to a derivative in terms of an antichiral superfield, such as t¯I . K
mn¯ is the
inverse of the Ka¨hler metric, Kmn¯. We will consider VD in section 2.5.1. In the absence of
twisted matter, φA, the scalar potential was given in [11] (see also [12]). Here, we give the





































2.1.2 The Linear Superfield Formalism
In the linear superfield formalism, in the form of the Bine´truy-Gaillard-Wu (BGW) model
[13], the Ka¨hler potential is [10]







3Though it is conventional in the chiral superfield formalism for the Green-Schwarz coefficient δI (or bI)
to be written with the subscript I , most compactifications lead to I independent δI .
4It is unlikely that the superpotential would actually depend on s during inflation, but it is not forbidden.
As we will see, it is forbidden for the superpotential to depend on ℓ, the dilaton in the linear superfield
formalism.
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and g(ℓ) is a nonperturbative correction that can stabilize the dilaton, which will be dis-
cussed in section 2.3.3. The superpotential is a function of the moduli, untwisted and
twisted matter fields, but not the dilaton (since a linear superfield is real, it cannot enter
the superpotential),
W =W (tI , φAI , φA). (2.13)
Its general form will be given in section 2.3.1.
The scalar potential may be derived through the following prescription.5 First form







which is identical to (2.11) except that the ℓ dependence has been replaced with a depen-
dence on the (anti)chiral superfields s, s¯. Then define the effective Ka¨hler metric,
K̂mn¯ ≡ K(s)mn¯ + ℓV GSmn¯ , (2.15)
whose inverse is K̂mn¯ and where V GS was defined in (2.3). It is conventional in this for-
malism to write the Green-Schwarz coefficient, bI , as independent of I,
6
bI = b. (2.16)
Standard compactifications lead to b ≤ 30/8π2 [9]. Again, the scalar potential is made up






m W )(W n¯ +K
(s)
n¯ W )− 3|W |2
]
, (2.17)
along with the replacements







where the prime denotes differentiation with respect to ℓ. One finds [10]
V = eK
{































5Further details may be found in, for example, Appendix A of [14].
6See foonote 3.
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2.1.3 The Chiral or Linear Superfield Formalism?
For identical superpotentials, the two formalisms, as presented here, are equivalent. There
exists a duality transformation, made up of (2.12) and (2.18), linking them, known as chiral
linear duality [7, 8]. Even so, it may be simpler to build models in one formalism than in
the other. In the following subsections many of the results that are formalism dependent
will be presented in both formalisms.7 However, we will find, in many different cases, that
inflation model building is simpler in the linear superfield formalism.
2.2 Canonical Normalization of the Inflaton
Supergravity theories derived from string theory lead to noncanonically normalized kinetic
terms. To properly analyze inflation the canonical normalization of the inflaton must be
determined. Since the method we will use to build inflation models, to be described in
section 2.4, allows only Ka¨hler moduli and untwisted matter (or some mixture thereof) to
be the inflaton, we only consider the canonical normalization of these two types of fields.8
The kinetic terms will be given to lowest order in the Green-Schwarz coefficients. This
is largely unnecessary in the linear superfield formalism since it only requires dropping
factors of 1 + bℓ, factors which have little effect on determining the canonically normalized
field. In the chiral superfield formalism, however, we must drop factors of (Y + bI)/Y .
Dropping such factors make determining the canonically normalized field much easier, but
make determining flat directions, as we will see in section 2.4, difficult.
It is usually assumed that matter fields, both untwisted and twisted, have negligibly
small values. We cannot necessarily make this assumption for an untwisted matter field
when it is the inflaton. We will, however, always make this assumption for twisted matter.
Then, with the Ka¨hler potential (2.4) or (2.11), to lowest order in the Green-Schwarz



















We assume the moduli fields, tI , are stabilized during inflation (in section 2.3.1 we will
see that they are usually stabilized at O(1) values). This means that they are effectively
constant, their derivatives vanishing, allowing us to ignore the final two terms in (2.20). We
also assume that only the inflaton is comparable in size to the moduli fields, the rest of the
untwisted matter fields being much smaller and negligible. Without loss of generality, take
the inflaton to be the φ11 field, whose kinetic term is then
tI + t¯I
(tI + t¯I − |φ11|2)2
∂µφ11∂
µφ¯11. (2.21)
If we ignore the phase, then the canonically normalized inflaton, φ, is given by
|φ11| =
√
tI + t¯I tanh(φ/
√
2), (2.22)
where we have used the assumption that the moduli fields are constant. Before considering
the canonical normalization of the moduli fields, we briefly consider this result.
7A major exception is section 2.3.3 where we consider only the linear superfield formalism.
8In particular, we consider one of these fields (and not a linear combination of them) to be the inflaton,
and the other to be stabilized. Interesting alternatives can be found in, for example, [11, 15].
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Figure 1: The spectral index, n, for the potential (2.23) with a =
√
2, b = 2 and various
values of c/d. For c/d≫ 1 it is no longer possible to satisfy the measured value (1.3).
Potentials based on tanh(φ) lead to inflation, as shown by Stewart [16]. For example,
consider the potential
V ∝ c+ d [tanh(φ/a)]b ≈ c+ d− 2be−2φ/a, (2.23)
with constants a, b, c, d and where the final form is obtained by assuming φ ≫ a, which
will be the case for our inflation models in section 3. Under this assumption, we find for
the spectral index, its running, and the tensor fraction (see (1.2)),
n ≈ 1− 2
N
, α ≈ 2
N2




where each is evaluated when there are N efolds remaining before the end of inflation. For
b = 2, N = 50 we find negligible running and tensors (∼ 10−3) and n ≈ 0.96, in excellent
agreement with the measured value (1.3).
The equations in (2.24) can be misleading, in particular the one for the spectral index,
n. To see this, we have plotted in figure 1 the potential (2.23) with a =
√
2, b = 2, and
various values of c/d. We can see that for c/d ≫ 1 it is no longer possible to satisfy (1.3).
The reason for this, and why the equations in (2.24) can be misleading, is that for c/d≫ 1
the number of efolds, N , will always be very large. There is not much change in figure 1
for b > 2.
Moving on to the moduli fields, we ignore both twisted and untwisted matter by assum-














2.3 String Theory Requirements
String theory places a number of requirements on its effective theory. We list four that we
will require inflation models to abide by.
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2.3.1 Modular Invariance
If we denote both untwisted and twisted matter by φα, so that α = AI, A, then modular
transformations9 of the Ka¨hler moduli and matter fields are defined by
tI → aItI − ibI
icItI + dI
, φα → φα
∏
I
(icI tI + dI)
−qαI , (2.27)
where
aIdI − bIcI = 1, aI , bI , cI , dI ∈ Z. (2.28)









I ≥ 0.10 The Ka¨hler potential and
superpotential also undergo modular transformations, which are a special case of a Ka¨hler-
Weyl transformation [17],
K → K +
∑
I
ln |icI tI + dI |2, W → W
∏
I
(icI tI + dI)
−1. (2.29)
Thus, the superpotential has modular weight equal to −1. An important function with






1− e−2πntI ) , η(tI)→ η(tI)(icI tI + dI)1/2, (2.30)
which tells us that the superpotential transforms as η(tI)
−2 and matter fields transform as
η(tI)
−2qαI .
Heterotic string theory is known to be modular invariant to all orders in perturbation
theory [18]. This means that the effective theory must be as well. This is assured at tree level
since modular transformations are just special cases of Ka¨hler-Weyl transformations, and
Ka¨hler-Weyl transformations are always symmetries of a tree level supergravity Lagrangian
[17]. Field theory loop corrections in general break the modular symmetry, leading to a
modular anomaly. This anomaly is partially11 canceled by introducing the Green-Schawz
counterterm (2.3) [9].
We saw in section 3 that the Green-Schwarz counterterm is introduced differently in
the chiral and linear superfield formalisms. In the chiral superfield formalism, the dilaton,
s+ s¯, is modular invariant at tree level, but not so at loop level. For this reason, the Green-
Schwarz counterterm was introduced so that the combination in (2.5) is modular invariant
and the Ka¨hler potential (2.4) transforms correctly. An important advantage of the linear
superfield formalism is that the dilaton, ℓ, is modular invariant to all orders in perturbation
theory. This allows the Green-Schwarz counterterm to be introduced as in (2.15), which
simplifies, as we will see, building inflation models.





















where the λm are constants and the n
α
m are nonnegative integers. The eta functions in front
make sure the superpotential transforms with modular weight −1, while the eta functions
on the end cancel the modular transformations of the φα’s.
9By modular transformations we mean specifically spacetime T-duality transformations.
10See footnote 2.
11Threshold corrections from integrating out heavy fields cancel the remainder of the anomaly [6].
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2.3.2 Absence of Mass Terms
Massive states in string theory have masses on the order of the string scale (∼1017 GeV).
Since an effective theory is only relevant far below this scale, all massive fields must be
integrated out (leading to threshold corrections). Hence, the effective theory contains only
massless fields (at least, before any fields pick up nonzero VEVs) and cannot contain mass
terms. From (2.9) or (2.19) we see that the superpotential, and its derivatives, can enter
the scalar potential squared. For there to be no dimension two terms in the scalar potential,
i.e. no mass terms, each term in the superpotential must be dimension three or greater.
Note that this applies only to matter fields, φα, with moduli not included in the counting.
2.3.3 Dilaton Stabilization
The method we will use for building inflation models, to be described in section 2.4, does
not allow the dilaton to be the inflaton.12 This means that the dilaton must be stabilized,
otherwise it can destroy inflation [19]. By stabilized we mean that during inflation the
dilaton potential must contain a stable minimum. The method we use to achieve this
[20, 21, 13] has been worked out in the linear superfield formalism in some detail [13, 22],
where it is simpler. It has also been considered in a chiral superfield formalism without
modular invariance [23]. We consider only the linear superfield formalism.
We make two further requirements. First, in the true vacuum the dilaton potential
must have a stable minimum with vanishing vacuum energy,13 and second, the coupling
constant for the gauge fields at the string scale, gs, must take the supersymmetric GUT
value, ≈ 0.7. The BGW model was originally developed for analyzing the true vacuum,
with supersymmetry broken by gaugino condensates [13]. We will not go into the details
of the necessary modifications for including gaugino condensates [13], but merely quote the
equations.








where g = g(ℓ) is the nonperturbative correction in (2.11). The scalar potential in the true




(f − f ′ℓ+ 1)(1 + baℓ)2 − 3, (2.33)
where ba is the β-function coefficient for the hidden sector condensing gauge group which
produces the gaugino condensates, with phenomenologically preferred values 0.03 > ba >
0.04 [25], and f = f(ℓ) is related to g through
ℓg′ = f − ℓf ′, g(ℓ = 0) = f(ℓ = 0) = 0, (2.34)
where a prime denotes differentiation with respect to ℓ. In (2.33) we have made the usual
assumption that the VEVs of the matter fields are zero in the true vacuum. Finally, the





12In general, the dilaton as the inflaton is problematic [19].
13A related issue concerning dilaton stabilization in the BGW model was considered in [24].
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Figure 2: (a) The dilaton potential during inflation (2.32) with a stable minimum at 〈ℓ〉inf =
0.87 . (b) The dilaton potential in the true vacuum (2.33) with a stable minimum and
vanishing vacuum energy at 〈ℓ〉0 = 0.56. (c) Evaluated at 〈ℓ〉0 = 0.56, the coupling constant
at the string scale (2.35) is gs = 0.7.
where the right hand side is to be evaluated at the true vacuum.
A similar (and more comprehensive) analysis of these requirements for the dilaton were
made in [22], where additional phenomenological constraints were mentioned. Following










In figure 2 we have plotted (2.32), (2.33) and (2.35) for the values
A = −0.27, B = 26.8. (2.37)
Figure 2(a) shows a stable minimum during inflation at 〈ℓ〉inf = 0.87, figure 2(b) shows
a stable minimum with vanishing vacuum energy in the true vacuum at 〈ℓ〉0 = 0.56, and
figure 2(c) shows, when evaluated at 〈ℓ〉0 = 0.56, that the coupling constant at the string
scale is 0.7.
2.3.4 Ka¨hler Moduli Stabilization
In addition to the dilaton, the three Ka¨hler moduli, tI , as long as they are not the infla-
ton, must also be stabilized. In modular invariant theories we are assured that the scalar
potential will have stationary points at tI = 1, exp(iπ/6). These two points correspond to
fixed points of the modular transformation (2.27). The important question is whether the
stationary points are (stable) minima.









where we have made the usual assumption that the untwisted matter fields, φAI , are negli-
gible compared to the moduli. Setting tI = exp(iπ/6) +
√
3ǫ one finds [11][





∣∣∣η (eiπ/6)∣∣∣−4 [1 + |ǫ|2 +O(ǫ3)] , (2.39)
showing that tI = exp(iπ/6) corresponds to a stable minimum (tI = 1 correspond to a
saddle point). Alternatively this can be shown by plotting (2.38). Figure 3(a) is a plot of
(2.38) with arg(tI) = π/6 and figure 3(b) is a plot of (2.38) with |tI |=1. It is clear that
tI = exp(iπ/6) corresponds to a stable minimum.
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Figure 3: (a) A plot of (2.38) with arg(tI) = π/6. (b) A plot of (2.38) with |tI |=1. A stable
minimum is clearly seen at tI = exp(iπ/6).
2.4 The η-problem and a Method for Building Inflation Models
As a first step in F-term inflation model building in supergravity, one must overcome the η-
problem, in which, barring model dependent cancellations in the scalar potential, a generic
supergravity theory leads to |η| ∼ 1, negating inflation. Recall from (1.1) that η is a slow
roll parameter, and that inflation requires |η| ≪ 1.
The method we use to solve the η-problem was proposed in [11, 16], and is particularly
suited for orbifold compactifications of string theory. Consider three fields, φ, ψ, χ, where
φ is the inflaton. Take ψ to be small, designated by
ψ ∼ 0. (2.40)
By small we mean that ψ is completely negligible in the scalar potential so that any term
containing ψ can be ignored (i.e. set to zero). We take this also to mean that any function
which contains ψ can also be ignored. In particular, the superpotential, W (φ,ψ, χ), which
is assumed to be a polynomial function of the fields in which every term contains ψ, satisfies
W (φ,ψ, χ) ∼ 0. (2.41)
φ and χ derivatives do not effect the overall ψ dependence of W and so are small as well,
Wφ, Wχ ∼ 0. However, a ψ derivative of W removes a factor of ψ, and is therefore not
small,
Wψ 6∼ 0. (2.42)
As shown by Stewart [16], for a Ka¨hler potential of the form14 (2.1), a Wψ which leads to
inflation in global supersymmetry will also lead to inflation in supergravity where the infla-
ton can be a Ka¨hler moduli or an untwisted matter field. Thus, inflation model building in
supergravity has been rendered equivalent to inflation model building in global supersym-
metry, where there is no η-problem.
As an example of what these assumptions can do, consider the superpotential presented
in [10],
W ∝ φ13η(t1)−2η(t2)−2, (2.43)
which is of the form (2.31). Assume that φ31 ∼ 0, and therefore alsoW ∼ 0. For the Ka¨hler
potential (2.4) or (2.11), the scalar potential in the chiral or linear superfield formalism,
14Stewart actually gives the general form that the Ka¨hler potential may take, which includes (2.1) [16].
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where we have ignored twisted matter. Notice that (2.45) is completely independent of
moduli and untwisted matter from the third moduli sector (t3 and φA3). Any combination
of these fields corresponds to perfect flat directions of the potential. But in (2.44) there is an
explicit dependence on these fields through the Green-Schwarz counterterm (2.3) contained
in Y , which appears to lift the flat directions and contradict our statement in section 2.1.3
that the two formalisms are equivalent. In fact the flat directions do exist in (2.44); it is
just more difficult to determine what they are. To do so requires diagonalizing the Ka¨hler
metric, equivalent to canonically normalizing the fields, just as we did in section 2.2, but
now with the Green-Schwarz coefficients included—not an easy thing to do in the chiral
superfield formalism.
Finally, we note two things. First, the dilaton dependence of (2.45) is precisely what we
showed in section 2.3.3 could stabilize the dilaton during inflation and in the true vacuum,
and second, the moduli dependence of (2.45) is precisely what we showed in section 2.3.4
would stabilize moduli.
2.5 Generating VEVs
In section 2.3.2 we required each term of the superpotential to have three or more matter
fields. Only one of these fields can be the inflaton. The remainder will be given VEVs.
We consider two methods for generating VEVs which we present in the linear superfield
formalism. In the Appendix we reproduce them in the chiral superfield formalism.
2.5.1 D-term VEVs
A natural way for fields to obtain VEVs in string derived supergravity is by having them
cancel a D-term contribution to the scalar potential. In many orbifold compactifications
there is an anomalous U(1) gauge group [26]. Canceling the anomaly requires a Green-
Schwarz counterterm which leads to a Fayet-Illiopoulos contribution to the D-term [27].










where qα is the U(1) charge (and should not be confused with the modular weight) and, in
























To avoid D-term supersymmetry breaking during inflation, the matter fields must pick up








where fα is a constant, to cancel (2.48). If (2.49) is included in the scalar potential, the
factor of ℓ in the numerator can destabilize the dilaton. In section 2.5.2 we will see how to
generate VEVs with factors of ℓ in the denominator that can cancel those in (2.49).
2.5.2 F -term VEVs
It is also possible to induce VEVs using the F -term of the scalar potential [10]. Consider




















satisfies all required symmetries. Assume that the superpotential is small, just as we did in
section 2.4, so thatW ∼ 0, and only the derivative of W contributes to the scalar potential.
From (2.19) we can see that the scalar potential would be minimized if the derivative of W
were zero. It is not hard to show that requireing W3 (the φ3 derivative of W (Γ)) to vanish









n = 0. (2.52)
This tells us that for W3 to vanish, Γ must be a constant (so that its derivative is zero),
which gives φ3 a VEV. If we call the constant
√




















)−∑β qβI , (2.54)
and, as promised, we have generated VEVs with factors of ℓ in the denominator.
2.5.3 Two Examples
We consider two examples, the first of which is quite useful, that will be used in section 3.
For the first example, consider three distinct untwisted matter fields, φA1, φB2, φC3,
where φA1, φB2 have VEVs 〈φA1〉, 〈φB2〉. The VEVs could be D-term VEVs, of the form
(2.49), but they do not have to be. Take Γ to be
Γ0 ≡ φA1φB2φC3 [η(t1)η(t2)η(t3)]2 , (2.55)
so that φC3 receives a VEV of the form (2.53). Then
|〈φA1φB2φC3〉|2 = fC3|η(t1)η(t2)η(t3)|4 , (2.56)
which is independent of ℓ and therefore, when included in a scalar potential, should not
destabilize the dilaton.
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To see why this example is so useful, consider a superpotential, Winf, which satisfies the
proper modular symmetry requirements and leads to a viable theory of inflation. Now form
the superpotential
W ′inf =WinfΓ0. (2.57)
Since Γ0 is modular invariant, W
′
inf still obeys the proper modular symmetry requirements.
In addition, notice that we are assured that every term inW ′inf contains at least three matter
fields. Thus, the first two string requirements of section 2.3 are satisfied. Now, if Vinf is
the scalar potential corresponding to Winf and V
′
inf is the scalar potential corresponding to
W ′inf, then
V ′inf = Vinf
∣∣〈Γ0〉∣∣2 = Vinf |〈φA1φB2φC3〉|2 |η(t1)η(t2)η(t3)|4 = fC3Vinf. (2.58)
An overall constant has almost no effect on the viability of a scalar potential for inflation.15
If we take fC3 to be an order one constant, then V
′
inf is as good an inflaton potential as Vinf.
For the second example, again take Γ to made up of three distinct untwisted matter
fields,
Γ′0 ≡ φA′1φB′2φC′3 [η(t1)η(t2)η(t3)]2 . (2.59)





Now consider the superpotential
WΓ = φ31φC′3η(t2)
−2 (2.61)





We will see in the section 3, under certain assumptions for 〈φA′1〉, 〈φB′2〉, that this term
can help stabilize moduli fields.
3 Inflation Models
To illustrate the concepts of the previous section, we present three example inflation models.
Each will be built in the linear superfield formalism. Unfortunately, none of the models will
be able to completely satisfy all of the string theory requirements, showcasing the difficulty
in doing so. The first two models are very similar. They differ in that the first is built
without twisted matter, while the second replaces one of the fields with a twisted matter
field. In the third model we attempt to reproduce Linde’s original model of hybrid inflation.
15The exception is the COBE normalization.
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Figure 4: (a) A plot of (3.4) with c = 0.4 and arg(tI) = 0.71. (b) A plot of (3.4) with
c = 0.4 and |tI |=0.72. A stable minimum exists at tI = 0.72 exp(0.71i).
3.1 Model 1














where ηI ≡ η(tI), φ11 ∼ 1 is the inflaton and σ21, σ31 ∼ 0 are small untwisted matter fields
(we use the symbol σ to distinguish these as small fields). Γ0 is defined in (2.55) and φC′3
is the field whose VEV is given in (2.60). As explained in section 2.4, with the Ka¨hler



























An important point is that there cannot be any factors of x1. The reason being that,
upon canonical normalization of the inflaton, x1∼ sech(φ/
√
2), which destroys inflation (we
can have only factors of |φ11| ∼ tanh(φ/
√
2)).
The entire t2, t3 dependence of (3.3) is of the form (2.38), so t2, t3 are stabilized. For t1,
first note that 〈φA′1〉 cannot be a D-term VEV, as this would introduce an x1, destroying
inflation. We must settle for 〈φA′1〉 being unspecified. To give some evidence that t1 could
be stabilized, we note that the coefficients of (3.3) are all roughly of order one (we will show
this to be the case for the dilaton in a moment), so that the t1 dependence is of the form
|η1|4 + c|η1|−4, (3.4)
where c is a constant. Figure 4 is a plot of (3.4) for c = 0.4. It shows a stable minimum
at t1 = 0.72 exp(0.71i). Though the stability of t1 cannot be determined until 〈φA′1〉 is
specified, we take this as evidence that it is possible. We also find that we must have
c > 0.5, otherwise t1 in (3.4) would be stabilized at a value where t1 + t¯1 < |φ11|2 ∼ 1,
which is unphysical. Note that a constant 〈φA′1〉 could stabilize t1, but would break modular
invariance.
15












Figure 5: A plot of (3.5) for c = 0.4 using (2.36) and (2.37).
The overall factor in front of (3.3) is of the form (2.32), which was shown to be able to
stabilize the dilaton. However, we need to check if the ℓ−1 in the second term will have any











where c is a constant. In figure 5, we have plotted (3.5) for c = 0.4, which is analogous to
figure 2(a). Figures 2(b) and 2(c) for the true vacuum are unchanged, as we are still using
(2.36) and (2.37). We find that there always exists a stable minimum for any positive value
of c.
Having considered stabilization of the moduli and dilaton, we now consider inflation.
Again, taking the various terms to be of order one, and moving to the canonically normalized














where V0 is a constant and the approximation producing the final form is the same one
made in (2.23). We have determined numerically that for φ∗ = 3.6, the spectral index, its
running, and the tensor fraction (see (1.2)) are
n(φ∗) = 0.95, α(φ∗) = 10
−3, r(φ∗) = 3× 10−3, (3.7)
and that the number of efolds from φ = φ∗ until the end of inflation is N(φ∗) = 42, though
this is easily increased for larger φ∗. For example, for φ∗ = 3.85, n(φ∗) = 0.966, α(φ∗),
r(φ∗) ∼ 10−3 and N(φ∗) = 60. Alternatively, under the approximation used in (3.6), we
have from (2.24),
n ≈ 1− 2
N
, α ≈ 2
N2
, r ≈ 8
N2
. (3.8)
Taking this time N = 50, we find n ≈ 0.96 and α, r ∼ 10−3. All these values are in excellent
agreement with the measured value (1.3). Finally, the COBE normalization (1.5) requires
V0 ∼ 6× 1015 GeV. This could be obtained with λ1, λ2 ∼ 0.1 (which is the string scale).
16
3.2 Model 2
To illustrate the use of twisted matter, we replace σ21 in model 1 with the small twisted















































where we have ignored twisted matter terms in the 1+ bℓ factor (by assuming them small).
As in model 1 we cannot have any x1’s, as they destroy inflation, so immediately we must



















which is very similar to the potential (3.3) in model 1. In fact, if we make the simplifying
assumption p1 ∼ b, the analysis of moduli and dilaton stabilization and the possibility of
inflation all follow identically to model 1.
3.3 Model 3: Hybrid Inflation













λ1, λ2, M are constants and there are two scalar fields, φ, ψ, with φ the inflaton. For
φ > φc ≡ λ1M2/λ2, there is a false vacuum, corresponding to the local minimum ψ = 0.










For the case M ≫ m (which leads to a spectral index greater than one), the first term
dominates the energy density and causes the universe to inflate while the inflaton, φ, slow
rolls down the potential. Once φ = φc a phase transition occurs, the true vacuum at ψ =M ,
φ = 0 opens up and inflation ends. For M4 ∼ m2 a spectral index less than one is possible.
Our intention is to reproduce this potential from supergravity. To proceed, we define,
what we will call, smallness order (SO), to organize a hierarchy of three scales. For example,
the largest field, the inflaton, φ11 ∼ 1, has SO = 0, since it is not small. The hierarchy and
field content is given by
SO(φ11) = 0, SO(ψ12,M) = 1, SO(σ21, σ22) = 2, (3.14)
17






















where nI ≡ η(tI), φD1 has the D-term VEV (2.49) and φC′3 has the VEV (2.60). The first
term has SO = 4 and the second term SO = 3. As the scalar potential depends on the
superpotential squared, in the scalar potential we retain only terms with SO ≤ 22 so that,


















The first term requires some explanation. If we write
ψ12 = |ψ12|eiθψ , η2 = |η2|eiθ2 , (3.17)
then the first term in (3.16) should contain
1
x2x3
∣∣∣ψ212η22η−23 +M2η−22 η−23 ∣∣∣2 = |η2|4x2x3|η3|4
∣∣∣ei(2θψ+4θ2)|ψ12|2 + |η2|−4M2∣∣∣2. (3.18)
If we assume that t2 is stabilized, then η2, and so also θ2, are fixed at some constant value.
θψ is then stabilized at that value which minimizes the above term, defined by 2θψ+4θ2 = π,
which is what we have written in the first term of (3.16).
In (3.16) t3 is stabilized and t1 is a flat direction. We assume there are other terms that
both lift t1 and stabilize it (which, as mentioned previously, cannot introduce any x1’s). This
could happen by the method used in model 1, with a term of the form |η1|4 + (0.1)|η1|−4.
Alternatively, we might imagine that 〈φA′1〉 could stabilize t1. To determine whether t2
could be stabilized, take the form of the t2 dependence to be
|η2|4
x2
∣∣c2 − |η2|−4∣∣2, (3.19)
where c is a constant. A plot of (3.19) is shown in figure 6 for c = 0.24, where there is a
stable minimum at t2 = 0.87 exp(0.61i). We find that this is the maximum value of c for
which (3.19) is not vanishingly small at its stabilized value. Such values of c may be in
violation of our assumptions (3.14). Although the stabilization of t2 cannot be determined
until 〈φB′2〉 is specified, we take this as evidence it is possible.
For dilaton stabilization we must be careful of the factor of ℓ in the second term of
(3.16) which could destabilize the dilaton. Taking the coefficients to be order one, the






(1 + cℓ), (3.20)
where c is a constant. In figure 7, we have plotted (3.20) for c = 0.1, which is analogous to
18











































Figure 6: (a) A plot of (3.19) with c = 0.24 and arg(tI) = 0.61. (b) A plot of (3.19) with
c = 0.24 and |tI |=0.87. A stable minimum exists at tI = 0.87 exp(0.61i).











Figure 7: A plot of (3.20) for c = 0.1 using (2.36) and (2.37).
figure 2(a). Figures 2(b) and 2(c) for the true vacuum are unchanged, as we are still using
(2.36) and (2.37). We find that, for there to be a stable minimum, we must have c > 0.35.
We now compare (3.16) with Linde’s original hybrid inflation potential (3.12) and see
that they are, apart from coefficients, nearly identical in form. Associating σ22 with m, we
even find a small coefficient for the |φ11|2 term. Now, placing ψ12 at its false vacuum value,









where we have replaced φ11 with the canonically normalized inflaton using (2.22).
We cannot have M ≫ m for the reason given in section 2.2 (see figure 1). We require
instead that M4 ∼ m2, which might mean M ∼ σ22, in violation of our assumption (3.14).
This might be avoided by making assumptions about the relative sizes of constants like λ1,
λ2, fA1, etc.
With M ∼ m, (3.21) is nearly identical to (3.6) and, in fact, leads to the same approxi-
mate equations for the spectral index, its running and the tensor fraction (3.8),
n ≈ 1− 2
N
, α ≈ 2
N2





We have described methods for building “semi-realistic” models of F -term inflation. By
semi-realistic we mean that they are built in, and obey the requirements of, “semi-realistic”
particle physics models, taken here to be effective supergravity theories derived from orbifold
compactifications of the weakly coupled heterotic string. We reviewed those aspects of the
supergravity theories relevant for inflation model building in both the chiral and linear
superfield formalisms. This included scalar potentials with complete matter content, string
theory requirements that the effective supergravity theories should obey and various tools
and methods for building inflation models.
In the course of this review we found that inflation model building is much simpler
in the linear superfield formalism. In particular, canonical normalization of the fields,
determination of flat directions, moduli stabilization and generation of VEVs was found
to be simpler. The reason for this is the manner in which the linear superfield formalism
includes the Green-Schwarz counterterm.
Three example inflation models were then constructed. Building such models was not
simple, as evidenced by the fact that none of them were able to completely satisfy all the
string theory requirements. More will have to be done to build more realistic models, but
we hope that we have been able to offer methods for how inflation model building can take
into account details of a particular underlying particle physics model.
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A Generating VEVs in the Chiral Superfield Formalism
In this Appendix we reproduce section 2.5 in the chiral superfield formalism. The D-term










but now with the Fayet-Illiopoulos term
ξD =



























Y + bI +
∑
B
qBI XB(Y + pB)
]
for α = AI
Y −1(Y + pA) for α = A.
(A.4)
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Canceling (A.3) requires the matter fields to pick up the modular invariant VEVs,






The only remaining equation in section 2.5 which is formalism dependent is (2.54), which











)−∑β qβI . (A.6)
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